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ABSTRACT
We report the discovery of 4 candidate intracluster globular clusters (IGCs)
in a single deep HST ACS field of the Virgo Cluster. We show that each cluster
is roughly spherical, has a magnitude near the peak of the Virgo globular cluster
luminosity function, has a radial profile that is best-fit by a King model, and is
surrounded by an excess of point sources which have the colors and magnitudes
of cluster red giant stars. Despite the fact that two of our IGC candidates have
– 3 –
integrated colors redder than the mean of the M87 globular cluster system, we
propose that all of the objects are metal-poor with [M/H] < −1. We show
that the tidal radii of our intracluster globulars are all larger than the mean
for Milky Way clusters, and suggest that the clusters have undergone less tidal
stress than their Galactic counterparts. Finally, we normalize our globular cluster
observations to the luminosity of intracluster stars, and derive a value of SN ∼ 6
for the specific frequency of Virgo intracluster globular clusters. We use these
data to constrain the origins of Virgo’s intracluster population, and suggest that
globular clusters in our intracluster field have a different origin than globular
clusters in the vicinity of M87. In particular, we argue that dwarf elliptical
galaxies may be an important source of intracluster stars.
Subject headings: globular clusters: general — galaxies: evolution — galaxies:
star clusters
1. Introduction
The constituents of intracluster space can tell us a great deal about the history of
galaxies and clusters. As a cluster forms, tidal interactions between galaxies and with the
cluster potential affect the internal structure of galaxies, altering both their morphological
and photometric properties (Butcher & Oemler 1978; Dressler 1980; Goto et al. 2003; Co-
enda et al. 2006, and many others). At the same, these interactions also liberate material
into intergalactic space, thus creating a fossil record of the encounters. By studying the
composition, distribution, and kinematics of these orphaned objects, we can examine the
physics of tidal stripping, the distribution of matter in and around galaxies, and the initial
conditions and history of cluster formation (Merritt 1984; West et al. 1995; Gregg & West
1998; Sommer-Larsen, Romeo, & Portinari 2005, and many others).
Intracluster globular clusters (IGCs) are an especially useful probe of these processes
(West et al. 1995). As a globular cluster evolves, it preserves information about the time
of its creation, the chemistry of the gas out of which it formed, and even the gravitational
forces to which it has been exposed (see Ashman & Zepf 1998, and references therein).
Consequently, a large sample of IGCs can be used to trace the history of galaxy interactions
and constrain both the epoch of cluster formation and the system’s dynamical history.
Unfortunately, collecting and measuring a large sample of intracluster globular clusters
is difficult. Globular clusters in the halos of galaxies are routinely identified as an excess
of point sources above the background, and searches for such objects have been conducted
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in ∼100 systems out to ∼100 Mpc (e.g., Harris & Racine 1979; Kissler-Patig 1997; Kundu
& Whitmore 2002). However, as galactocentric distances increase, the surface densities of
clusters decrease, so in intracluster space, the identification of globular clusters as point
sources is exceedingly difficult. As a result, there have been only a few, mostly indirect,
studies of IGCs (West et al. 2003; Jorda´n et al. 2003; Mar´in-Franch & Aparicio 2003; Bassino
et al. 2003), and their use as cosmological probes has largely been unexploited.
Here we describe the results of a Hubble Space Telescope (HST) search for intraclus-
ter globular clusters (IGCs) in the nearby Virgo Cluster. At our adopted Virgo distance
(16.2 Mpc, see discussion in Williams et al. 2006), globular clusters have half-light radii
of >∼ 0.
′′05, allowing them to be resolved on images taken with the Advanced Camera for
Surveys (ACS). Moreover, because of the ACS’ excellent sensitivity, it is possible to use the
instrument to detect individual stars within the clusters and estimate their metallicities via
the color of the red giant branch. In Section 2, we describe our survey, and announce the
discovery of four, well-resolved IGC candidates in Virgo. In Section 3, we discuss the metal-
licities of these objects, and show that all are metal poor, with photometric properties that
differentiate them from the globular clusters of Virgo’s central cD galaxy, M87. In Section 4,
we compare the candidate IGCs to Galactic globular clusters and show that their half-light
and tidal radii are larger than their Milky Way counterparts. We attribute these properties
to the IGCs’ lack of tidal processing, and use the radii to constrain the clusters’ origins.
We conclude by estimating the specific frequency of globular clusters in Virgo’s intracluster
space, and discussing the implications this number has for the origin of IGCs and future
IGC surveys.
2. Observations and Reductions
Between 30 May 2005 and 7 June 2005 we used the Advanced Camera for Surveys on
the Hubble Space Telescope to obtain deep F606W and F814W images of a single Virgo
intracluster field (α(2000) =12:28:10.80, δ(2000) =12:33:20.0, orientation 112.58 degrees),
∼ 0.67 deg (∼ 200 kpc) from any large galaxy. The F814W (I-band) data consisted of
22 exposures totaling 26880 s of integration time; the F606W (wide V -band) observations
included 52 exposures totaling 63440 s. These data were co-added using the multidrizzle
task within PyRAF (Koekemoer et al. 2002): this procedure removed all the cosmic rays,
corrected the instrument’s geometric distortions, and improved the sampling of our data
to 0.′′03 pixel−1. The details of these reductions, and an image of the field illustrating its
position in the cluster is given by Williams et al. (2006).
After combining the data, we used SEextractor (Bertin & Arnouts 1996) to identify
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all sources (extended and unresolved) brighter than mF814W = 24.5, near the peak of the
globular cluster luminosity function in Virgo (V = 23.7, Whitmore et al. 1995). We then
cross-correlated this list with the point source identifications from DAOPHOT II (Stetson,
Davis, & Crabtree 1990), and searched for objects surrounded by a statistical excess of stars
(N ≥ 4). This procedure yielded eight sources, three of which were obvious background
galaxies with internal structure, and one of which was clearly surrounded by misidentified
background galaxies. However the remaining four objects had the properties expected for
IGCs. Each was well-resolved and roughly spherical (b/a ≥ 0.88), each had an integrated
F814W magnitude near the peak of the Virgo globular cluster luminosity function, and each
was surrounded by point sources which had the colors and magnitudes of Virgo Cluster red
giant stars. The coordinates of these four sources, aligned to the astrometry of the automatic
plate measuring (APM) machine catalog,1 are given in Table 1; images of the objects are
displayed in Figure 1.
We performed photometry on the point sources surrounding the IGC candidates using
DAOPHOT II (Stetson, Davis, & Crabtree 1990). Instrumental magnitudes in 0.′′5 apertures
were computed via point-spread-function fitting. These magnitudes were then extrapolated
to infinite apertures and placed on the Vega magnitude system using the correction param-
eters and photometric zero points given by Sirianni et al. (2005). Photometry of the candi-
date IGCs themselves was performed with the IRAF2 task phot using a series of concentric
circular apertures, ranging in size from 0.′′0225 to 1.′′35. Within 0.′′25 these aperture radii
were incremented in 0.′′0225 intervals; outside this radius, aperture widths were increased
to maintain a near constant photometric error. Again, these instrumental magnitudes were
converted to the Vega magnitude system using the zero points of Sirianni et al. (2005). Trans-
formations to the standard V I magnitude system were performed using the coefficients of
Rejkuba et al. (2005). We note, however, that these transformations have a rather large
scatter, ∼ 0.05 mag. Consequently, this last step was only used to compare the integrated
magnitudes of our globular cluster candidates with other measurements in the literature.
Whenever possible, we confined our analysis to the F606W−F814W magnitude system.
To translate our photometric measurements into physical parameters, we first dered-
dened the observed magnitudes using the Schlegel, Finkbeiner, & Davis (1998) value for
Galactic foreground extinction (E(B − V ) = 0.025). With the reddening law of Cardelli,
Clayton, & Mathis (1989) and the ACS filter transformations of Sirianni et al. (2005), this
1see http://www.ast.cam.ac.uk/∼apmcat/
2IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associa-
tion of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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corresponds to AV = 0.077, AI = 0.046, AF606W = 0.069, and AF814W = 0.045. Total lumi-
nosities for the IGC candidates were then calculated assuming a Virgo distance of 16.2 Mpc,
and a bolometric correction of BCV ≈ −0.5 (with Mbol⊙ = 4.74). Finally, these luminosities
were used to estimate masses by assuming a mass-to-light ratio of M/LV = 2.3, which is
typical for Galactic clusters (Pryor & Meylan 1993).
To test whether our candidate IGCs are true globular clusters, we convolved a series of
King (1962) model profiles with a Moffat (1969) representation of the F814W filter point-
spread-function, and fitted the resultant curve to the objects’ radial profiles using a χ2
minimization procedure. The best fits are shown in Figure 2, with the photometric errors
increased by 5% (added in quadrature) to account both for deviations between the true PSF
and our Moffat function, and for the “red halo effect” (Sirianni et al. 2005). The best-fit core
radii, tidal radii, and half-light radii are given in Table 1; the errors on these numbers are the
standard deviations of fits to a series of Monte Carlo simulations of each brightness profile.
(The data for IGC-3 (our faintest candidate) was not of sufficient precision to constrain the
tidal radius, so no errors are given for this object.) In all four cases, our convolved King
profiles provide good fits to the data, with χ2/ν ≤ 1.5. This contrasts with fits which use
the de Vaucouleurs (1959) r1/4-law or an exponential disk (also given in Table 1), which
generally give poorer χ2 values. The quality of the fits strongly supports the conclusion that
these objects are, indeed, globular clusters.
Additional support for the globular cluster interpretation comes from the point sources
surrounding each IGC candidate. The mean density of all unresolved sources detected in our
intracluster survey field (down to a limiting magnitude of mF814W = 28.5) is 480 arcmin
−2
(Williams et al. 2006). Thus, we would expect ∼ 0.67 stars to be projected between 0.′′3 and
1.′′3 from the center of each IGC candidate. Even the faintest of our candidates has 6 times
this number; the Poisson probability of having four or more stars randomly projected about
amF814W < 24.5 object in our field is less than 0.5%. Since there are 195 such objects present
in the region, at most one of our IGC candidates is expected to be a chance superposition of
stars around a bright unrelated object, and a visual examination of the candidates reduces
this number, further.
The final piece of evidence supporting of IGC identification is the magnitude of the
brightest stars surrounding each cluster, I ∼ 27. This is the magnitude expected of red
giant stars at the distance of Virgo (Ferguson, Tanvir, & von Hippel 1998; Durrell et al.
2002). It therefore seems likely that the sources surrounding each IGC candidate are red
giants bound to the clusters.
Can the objects be background galaxies or some other source unrelated to globular
clusters? The radial profile of IGC-1 can be fit with both a King model and an r1/4-law
– 7 –
(χ2/ν = 1.5), so it is conceivable that this object is a field elliptical galaxy. However, IGC-1
is also bright enough to have photometry from the Sloan Digital Sky Survey (Adelman-
McCarthy et al. 2006), and its Sloan u′ − g′ and r′ − i′ colors (0.3 ± 0.7 and 0.0 ± 0.4,
respectively) are bluer than those of any normal elliptical at any redshift (Csabai et al.
2003). This fact, along with the object’s g′ − i′ and V − I colors, which are bluer than
those of local small ellipticals (Csabai et al. 2003; Fukugita, Shimasaku, & Ichikawa 1995)
but similar to those of Virgo globulars (e.g., Forbes et al. 2004; Kundu et al. 1999), makes
it extremely unlikely that the object is a background galaxy. Similarly, although the radial
profile of our faintest candidate, IGC-3, can be fit with an r1/4-law (with χ2/ν = 0.3), King
models or a Sersic (1968) profile with n = 0.5 (i.e., an isothermal distribution) generate an
even lower χ2, and the object’s V − I color is again much bluer than that expected from
a normal elliptical. Finally, IGC-2 and IGC-3 are our most elongated IGC candidates (see
Table 1), with shapes that are more eccentric than ∼ 80% of Galactic globulars (Harris
1996). While, it is possible the more elliptical Galactic clusters are tidally disturbed by the
Galaxy, it is clear that these ellipticities do not rule out a globular cluster classification. In
any case, King profiles provide much better fits to these candidates than any exponential or
r1/4 law.
In fact, the only objects that could reproduce the observed properties of our IGC can-
didates are the nuclear remains of tidally stripped dwarf galaxies. Such an origin has been
proposed for the Milky Way object ω Cen (e.g., Bekki & Freeman 2003; Mackey & van den
Bergh 2005), the giant globular cluster G1 in M31 (Meylan et al. 2001), the most massive
clusters of NGC 5128 (Martini & Ho 2004), and the ultra-compact dwarfs of Virgo and For-
nax (Drinkwater et al. 2000, 2004; Jones et al. 2006). However, all of our IGC candidates are
much fainter than these unusual objects: for example, ω Cen is over a magnitude brighter
than our most luminous IGC candidate, and the Ultra-compact dwarf galaxies found by
Drinkwater et al. (2000) and Jones et al. (2006) are brighter still. Of course, it is difficult to
completely exclude the possibility that our IGCs are stripped dwarfs: ω Cen is more than a
thousand times closer than Virgo, and its classification is still controversial (van Leeuwen,
Hughes, & Piotto 2002). Nevertheless, given that all four candidates have luminosities near
the peak of the globular cluster luminosity function, the simpliest explanation for these
sources is that they are, indeed, normal globular clusters at the distance of Virgo.
3. The Metallicities of the IGCs
Figure 3 plots the point sources within 1.′′3 arcsec (∼100 pc at Virgo) of each glob-
ular cluster candidate on the F606W−F814W color-magnitude diagram. Overplotted are
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isochrones for an old (12.5 Gyr) stellar population (Girardi et al. 2002; Girardi 2006) at
the distance of Virgo. These sparse CMDs suggest that all four of our IGC candidates are
metal-poor. The most metal-rich of the group, IGC-4, has [M/H] ∼ −1.3, while the stars of
IGC-2 and IGC-3 fall close to most metal-poor isochrone ([M/H] ∼ −2.3). Curiously, four of
the point sources surrounding IGC-1 fall blueward of any of the Girardi (2006) isochrones,
in a region of the HR diagram occupied primarily by background sources (Williams et al.
2006). It is possible that either there is an overdensity of background objects in this part
of the field or that the effects of crowding have produced errors in the stellar photometry
larger than the standard errors shown on the CMD. In any case, if we exclude these objects
from the analysis, the remaining stars of the cluster imply a metallicity of [M/H] ∼ −1.5.
The metal-poor nature of our globular cluster candidates is supported by their inte-
grated colors, though not to the extent that one might expect. In most large galaxies, the
distribution of globular cluster colors is bimodal (e.g., Gebhardt & Kissler-Patig 1999; Larsen
et al. 2001; Kundu & Whitmore 2001; Harris et al. 2006). For example, the color distribution
of M87 globulars is well-modeled by two Gaussians, one with a peak at V −I = 0.95 and the
other centered at V − I = 1.20 (Whitmore et al. 1995; Kundu et al. 1999). This division has
generally been interpreted as evidence for the existence of two separate populations of clus-
ters, one consisting of blue, “metal-poor” objects, and the other comprised of “metal-rich”
systems (Harris et al. 2006, but see Yoon, Yi, & Lee (2006) for an alternative explanation).
The integrated colors of clusters IGC-3 and IGC-4 clearly place them in the metal-poor cat-
egory, as one might expect from the colors of their halo stars. However, IGC-1 and IGC-2
both have colors that fall slightly to the red of the dividing line. This seems incompatible
with the colors of the systems’ red giant stars.
To investigate this inconsistency, we measured the objects’ radial color profiles. As
Figure 4 demonstrates, IGC-1 and IGC-2 both have significant color gradients, with the
clusters’ interiors being redder than their halos by ∼ 0.2 mag. Such gradients are usually
associated with galaxies, and, as mentioned above, it is conceivable that these two clusters
are actually the stripped remains of compact dwarf galaxies (Drinkwater et al. 2004; Jones
et al. 2006). But this need not be the case: in the Galaxy, one third of all globular clusters
have similar red-to-blue gradients (Chun & Freeman 1979; Sohn et al. 1998). Whether
these gradients are caused by the effects of mass segregation, the random presence of a few
relatively bright stars (Peterson 1986), or chemical inhomogeneities in the stellar populations
(Freeman 1978) is unclear. However, it does explain how our two IGC candidates can have
neutral colors, but still exhibit metal-poor CMDs. It is therefore possible that these two
IGCs are of intermediate metallicity. Future spectroscopy can provide a definitive answer to
this question.
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The fact that all four of our IGC candidates are relatively blue stands in marked contrast
to the color distribution of clusters in M87’s inner regions. M87’s globulars have a mean
V − I = 1.10 and ∼ 60% are classified as “metal-rich” based on their red colors. All of our
IGC candidates have metal-poor RGBs, and our two reddest clusters just barely fall on the
red-side of the color distribution. To a limited extent, this is consistent with the results of
Harris et al. (2006), who showed that outside of ∼ 5 kpc, the ratio of red to blue clusters
surrounding brightest cluster galaxies drops dramatically. However, in the Harris et al.
(2006) sample, the fraction of red clusters never drops below ∼ 40%, even at galactocentric
distances of ∼ 30 kpc. The IGCs in our intracluster field are ∼ 200 kpc from any galaxy,
and the probability of observing four clusters with (V − I) . 1.16 out of the Harris et al.
(2006) distribution is just ∼ 10%. These numbers suggests that the IGC population in our
field is fundamentally different from that associated with brightest cluster galaxies.
Alternatively, it is possible that the four globular cluster candidates observed in our
small intracluster field are not representative of the Virgo IGC population as a whole. Three
of the four clusters, IGC-1, 2, and 3, are located in a line which runs north-south along the
western half of our field. Since these clusters are also the most metal-poor of our candidates,
it is possible that all three originated in a single stripped galaxy, and that the stream has
not yet completely mixed with the general intracluster population. Indeed, the spatial sub-
structure exhibited by the metal-poor stars in our ACS field is evidence for just such a
scenario (Williams et al. 2006). If coherent streams are common, then a much wider survey
will be needed to reliably measure the properties of Virgo’s globular clusters.
4. The IGC Radial Profiles
Figure 5 compares the core and tidal radii of our IGC-1, 2, and 4 with those of Galactic
globular clusters, using our adopted Virgo distance. (IGC-3 is not plotted, since its tidal
radius is unconstrainted.) From the figure, we can see that, though the core radii of the
two sets of objects are comparable, the tidal radii of the intergalactic objects are larger than
most of their Milky Way counterparts. This is not a selection effect: since our IGC search
criteria included all sources detected by SExtractor, our sample is not biased by size. In
fact, a close examination of Figure 5 shows that the tidal radii of our IGC candidates are
similar to those of the Milky Way clusters with large Galactocentric distances. This agrees
with the thesis that globular clusters inside large galaxies are continually affected by tidal
stress.
Such stress is thought to play a key role in the evolution of galaxy-bound clusters. For
example, analyses by Aguilar, Hut, & Ostriker (1988) and Fall & Zhang (2001) suggest that
– 10 –
over a Hubble time, a large fraction of globular clusters within a Milky Way-type spiral will
be either stripped or destroyed. However, if our IGCs were created in situ, or if their parent
galaxies were low-mass objects, then tides have never been important for their dynamical
evolution. Support for this idea also comes from the observations of Jorda´n et al. (2003),
who showed that in the rich Abell Cluster 1185, the half-light radii of globular clusters
systematically increases with galactocentric distance.
The large tidal radii of the clusters provide a hint about the length of time for which
the IGCs have been free-floating. Dynamical models predict that globular clusters recover
from galactic tidal shocking on a half-mass relaxation timescale, which is typically 5–10
×108 yr (Johnston, Sigurdsson, & Hernquist 1999). After several of these relaxation times,
the clusters will lose any structures caused by past tidal effects and approach a distribution
governed by the gradient of the galaxy cluster’s potential, a value that is ∼ 10−3 times less.
The fact that the IGCs are well-fitted by King profiles with finite tidal radii suggests our
objects were once affected by the tidal field of a galaxy (Heggie 2001), but are now internally
evolving towards a state with little tidal truncation. Since this process can take 5-10 Gyr
(Johnston, Sigurdsson, & Hernquist 1999), the observations imply that these IGCs have been
free-floating, unaffected by strong tidal influences, for several Gyr.
5. Origins of the Clusters
In order to place these IGC candidates into a context of galaxy cluster evolution, it is
important to compare our surface density results with previous surveys for these objects.
The existence of four IGCs within our 11.4 arcmin−2 field implies that Virgo’s IGC surface
density is ∼ 10−4 arcsec−2. If we scale this number to the distance of Coma (a distance ratio
of 6; Dressler 1984), then our data imply a surface density that is safely below the upper-limit
of 0.004 arcsec−2 measured by Mar´in-Franch & Aparicio (2003). In contrast, a scaling of our
surface density to the distance of A1185 (cz = 9800 km s−1) yields a value that is a factor
of two larger than that observed by Jorda´n et al. (2003). However, since their survey only
reached one magnitude brighter than the peak of the globular cluster luminosity function,
while our observations go 0.8 mag fainter than the peak, the two values are compatible.
The number of IGCs places an interesting constraint on the specific frequency (SN)
of globular clusters in Virgo’s intracluster environment. Star counts (after the statistical
removal of unresolved background galaxies) in our 11.4 arcmin2 field reveal ∼ 5300 stars
brighter than mF814W ∼ 29 (Williams et al. 2006). If we extrapolate these counts down to
the main sequence using the isochrones of Girardi (2006), then the data imply an intracluster
surface brightness brightness of µV ∼ 28.1 mag arcsec
−2 (for details, see Williams et al. 2006),
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an absolute total luminosity of ∼2×105 L⊙ kpc
−2, and a globular cluster specific frequency
SN ∼ 6. This relatively high value suggests that we have not missed a significant number of
IGCs, and that the properties of these four IGCs may be representative of the IGC population
in Virgo.
Our value of SN ∼ 6 can be used to place a constraint on the origins of the Virgo
intracluster population. If most of the stars in Virgo’s intergalactic space originated in
typical spirals (i.e., were liberated via the galaxy harassment scenario of Moore et al. 1996,
1999), then we would expect to measure a much lower value for the globular cluster specific
frequency, with SN ∼ 1 (e.g., Goudfrooij et al. 2003; Chandar, Whitmore, & Lee 2004). This
argument may apply to low surface brightness spirals as well (J.H. Kim et al., in preparation).
Alternatively, if intracluster stars are the disrupted remains of low-luminosity dwarfs, then
SN should be ∼ 20 (Grebel, Dolphin, & Guhathakurta 2000; Strader et al. 2003). Our
value for the specific frequency of globular clusters lies between these two extremes, in the
range normally associated with cD galaxies (West et al. 1995; Forbes, Brodie, & Grillmair
1997) and dwarf ellipticals (Durrell et al. 1996; Miller et al. 1998; Beasley et al. 2006). In
fact, dwarf elliptical galaxies are the most common morphological type in galaxy clusters
(Binggeli, Sandage, & Tammann 1988), and the Virgo core currently contains about 900 of
these objects. This is a significant number of galaxies: Durrell et al. (2002) estimate that
if two-thirds of all dwarf ellipticals are destroyed through gravitational interactions over a
Hubble time, then their remnants could account for Virgo’s entire intracluster population.
The preceding has two caveats. First, the low metallicities and high specific frequency
of IGCs could be due to preferential stripping of globular clusters during tidal encounters.
The radial distribution of clusters within a galaxy is often flatter than that of the galaxy’s
light (e.g., Puzia et al. 2004; Forbes et al. 2006); this fact is consistent with the idea that such
systems are often formed during galactic mergers and interactions (Ashman & Zepf 1992).
Since clusters (and stars) in the outskirts of galaxies are more susceptible to tidal forces than
interior objects, this mismatch can lead to the increased stripping of globular clusters with
respect to the stars. The result is that in rich clusters, where tidal encounters are important,
the specific frequency of clusters in intergalactic space can be enhanced at the expense
of galactic values. There is some evidence for just this effect: in Virgo, some galaxies have
lower values of SN than their field counterparts (see Elmegreen 1999, and references therein).
Moreover, since systems of blue globular clusters often have flatter radial distributions than
those of red clusters (e.g., Bassino, Richtler, & Dirsch 2006; Forbes et al. 2006; Harris et al.
2006), this process can explain why the four IGC candidates found in our survey are all
metal-poor.
A second caveat to our measurement of SN concerns the survival of clusters in the
– 12 –
galactic and extragalactic environments. In large galaxies, bulge shocks, disk shocks, and
dynamical friction all take their toll on the globular cluster population, so that, over a
Hubble time, a large fraction of clusters will be destroyed (Aguilar, Hut, & Ostriker 1988).
Such processes do not occur in intergalactic space. Consequently, while values of SN in a
passively evolving galaxy can decline with time, the specific frequency of IGCs can actually
increase (This is because the IGCs are not destroyed and the luminosity of the normalizing
intracluster stellar population decreases as it ages). The importance of this effect is difficult
to model, since it depends critically on where and when the IGCs originally formed. However,
like the effects of preferentially stripping, this mechanism will produce higher values of SN
for the intracluster environment than for the clusters’ parent galaxies.
The metallicities of our IGC candidates alone do not help determine the clusters’ ori-
gins, as most globular cluster systems contain a significant blue (metal-poor) component.
However, the relatively blue colors and metal-poor CMDs of our candidates do support the
hypothesis of Harris et al. (2006) that redder, more metal-rich clusters must form later in
the deeper potential wells of major galaxies. The fact that none of our IGCs are metal-rich
implies that, once formed, it is difficult to eject red clusters into intergalactic space.
6. Future Possibilities
In order to properly investigate the systematics of IGCs, one needs a much larger sam-
ple of objects. The key to obtaining such a sample is spatial resolution: with ground-based
images, it is extremely difficult to distinguish IGCs from the (much more numerous) back-
ground contaminants. However, the fact that four IGCs were discovered in a single ACS
field suggests that with a few additional HST pointings, one can identify an astrophysically
interesting sample of such objects. With HST resolution, one can obtain the IGCs’ structural
parameters, measure their tidal radii, and investigate the systematics of a set of clusters that
have evolved in a largely stress-free environment. Moreover, with follow-up ground-based
spectroscopy one can measure conclusive ages and metallicities.
Such a sample can be a powerful probe of galactic and cluster evolution. By comparing
the luminosities of globular clusters in and outside of galaxies, one can test for the effects
that bulge and disk shocking have on the globular cluster luminosity function. Similarly, by
examining the distribution of tidal radii for IGCs, one can probe the length of time these
objects have been in the intergalactic environment, and complement population constraints
imposed by the intracluster stars. Finally, with a large sample of clusters, we can test whether
the bimodal color and metallicity distributions often seen around large galaxies extend to
the intracluster population, and whether “red” clusters can be liberated from their parent
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galaxies. Such tests, in turn, can place new constraints on the formation of these objects.
Support for this work was provided by NASA through grant number GO-10131 from
the Space Telescope Science Institute and by NASA through grant NAG5-9377.
REFERENCES
Adelman-McCarthy, J.K., et al., 2006, ApJS, 162, 38
Aguilar, L., Hut, P., & Ostriker, J.P. 1988, ApJ, 335, 720
Ashman, K.M., & Zepf, S.E. 1992, ApJ, 384, 50
Ashman, K.M., & Zepf, S.E. 1998, Globular Cluster Systems (Cambridge: Cambridge Uni-
versity Press)
Bassino, L.P., Cellone, S.A., Forte, J.C., & Dirsch, B. 2003, A&A, 399, 489
Bassino, L.P., Richtler, T., & Dirsch, B. 2006, MNRAS, 367, 156
Beasley, M.A., Strader, J., Brodie, J.P., Cenarro, A.J., & Geha, M. 2006, AJ, 131, 814
Bekki, K., & Freeman, K.C. 2003, MNRAS, 346, L11
Bertin, E., & Arnouts, S. 1996, A&AS, 117, 393
Binggeli, B., Sandage, A., & Tammann, G.A. 1988, ARA&A, 26, 509
Butcher, H., & Oemler, A. 1978, ApJ, 226, 559
Cardelli, J.A., Clayton, G.C., & Mathis, J.S. 1989, ApJ, 345, 245
Chandar, R., Whitmore, B., & Lee, M.G. 2004, ApJ, 611, 220
Chun, M.S., & Freeman, K.C. 1979, ApJ, 227, 93
Coenda, V., Muriel, H., Donzelli, C.J., Quintana, H., Infante, L., & Lambas, D.G. 2006, AJ,
131, 1989
Csabai, I., Budava´ri, T., Connolly, A.J., Szalay, A.S., Gyo¨ry, Z., Ben´itez, N., Annis, J.,
Brinkmann, J., Eisenstein, D., Fukugita, M., Gunn, J., Kent, S., Lupton, R., Nichol,
R.C., & Stoughton, C. 2003, AJ, 125, 580
de Vaucouleurs, G. 1959, Handbuch der Physik (Berlin: Springer-Verlag), Vol. 53
– 14 –
Dressler, A. 1980, ApJ, 236, 351
Dressler, A. 1984, ApJ, 281, 512
Drinkwater, M.J., Gregg, M.D., Couch, W.J., Ferguson, H.C., Hilker, M., Jones, J.B., Kar-
ick, A., & Phillipps, S. 2004, Publ. Astron. Soc. Australia, 21, 375
Drinkwater, M.J., Jones, J.B., Gregg, M.D., & Phillipps, S. 2000, Publ. Astron. Soc. Aus-
tralia, 17, 227
Durrell, P.R., Ciardullo, R., Feldmeier, J.J., Jacoby, G.H., & Sigurdsson, S. 2002, ApJ, 570,
119
Durrell, P.R., Harris, W.E., Geisler, D., & Pudritz, R.E. 1996, AJ, 112, 972
Elmegreen, B.G. 1999, Ap&SS, 269, 469
Fall, S.M., & Zhang, Q. 2001, ApJ, 561, 751
Ferguson, H.C., Tanvir, N.R., & von Hippel, T. 1998, Nature, 391, 461
Forbes, D.A., Brodie, J.P., & Grillmair, C.J. 1997, AJ, 113, 1652
Forbes, D.A., Faifer, R.F., Forte, C.J., Bridges, T., Beasley, M.A., Gebhardt, K., Hanes,
D.A., Sharples, R., & Zepf, S.E. 2004, MNRAS, 355, 608
Forbes, D.A., Sa´nchez-Bla´zquez, P., Phan, A.T.T., Brodie, J.P., Strader, J., & Spitler, L.
2006, MNRAS, 366, 1230
Freeman, K.C. 1978, in Globular Clusters, ed. D. Hanes & B. Madore (Cambridge: Cam-
bridge University Press), 103
Fukugita, M., Shimasaku, K., & Ichikawa, T. 1995, PASP, 107, 945
Gebhardt, K., & Kissler-Patig, M. 1999, AJ, 118, 1526
Girardi, L. 2006, private communication
Girardi, L., Bertelli, G., Bressan, A., Chiosi, C., Groenewegen, M.A.T., Marigo, P., Salas-
nich, B., & Weiss, A. 2002, A&A, 391, 195
Goto, T., Yamauchi, C., Fujita, Y., Okamura, S., Sekiguchi, M., Smail, I., Bernardi, M., &
Gomez, P.L. 2003, MNRAS, 346, 601
– 15 –
Goudfrooij, P., Strader, J., Brenneman, L., Kissler-Patig, M., Minniti, D., & Huizinga, J.E.
2003, MNRAS, 343, 665
Grebel, E.K., Dolphin, A.E., & Guhathakurta, P. 2000, Astronomische Gesellschaft Meeting
Abstracts, 17, 61
Gregg, M.D., & West, M.J. 1998, Nature, 396, 549
Harris, W.E. 1996, AJ, 112, 1487
Harris, W.E., & Racine, R. 1979, ARA&A, 17, 241
Harris, W.E., Whitmore, B.C., Karakla, D., Okon´, W., Baum, W.A., Hanes, D.A., & Kave-
laars, J.J. 2006, ApJ, 636, 90
Heggie, D.C. 2001, ASP Conf. Ser. 228: Dynamics of Star Clusters and the Milky Way, ed. S.
Deiters, et al.(San Francisco: ASP), 29
Johnston, K.V., Sigurdsson, S., & Hernquist, L. 1999, MNRAS, 302, 771
Jones, J.B., Drinkwater, M.J., Jurek, R., Phillipps, S., Gregg, M.D., Bekki, K., Couch, W.J.,
Karick, A., Parker, Q.A., & Smith, R.M. 2006, AJ, 131, 312
Jorda´n, A., West, M.J., Coˆte´, P., & Marzke, R.O. 2003, AJ, 125, 1642
King, I. 1962, AJ, 67, 471
Kissler-Patig, M. 1997, A&A, 319, 83
Koekemoer, A.M., Fruchter, A.S., Hook, R.N., & Hack, W. 2002, in The 2002 HST Calibra-
tion Workshop: Hubble after the Installation of the ACS and the NICMOS Cooling
System, ed. S. Arribas, A. Koekemoer, & B. Whitmore (Baltimore: Space Telescope
Science Institute), 337
Kundu, A., & Whitmore, B.C. 2001, AJ, 121, 2950
Kundu, A., & Whitmore, B. 2002, in IAU Symp. 207, Extragalactic Star Clusters, ed. D.
Geisler, E.K. Grebel, & D. Minniti (Provo: ASP), 229
Kundu, A., Whitmore, B.C., Sparks, W.B., Macchetto, F.D., Zepf, S.E., & Ashman, K.M.
1999, ApJ, 513, 733
Larsen, S.S., Brodie, J.P., Huchra, J.P., Forbes, D.A., & Grillmair, C.J. 2001, AJ, 121, 2974
Mackey, A.D., & van den Bergh, S. 2005, MNRAS, 360, 631
– 16 –
Mar´in-Franch, A., & Aparicio, A. 2003, ApJ, 585, 714
Martini, P., & Ho, L.C. 2004, ApJ, 610, 233
Merritt, D. 1984, ApJ, 276, 26
Meylan, G., Sarajedini, A., Jablonka, P., Djorgovski, S.G., Bridges, T., & Rich, R.M. 2001,
AJ, 122, 830
Miller, B.W., Lotz, J.M., Ferguson, H.C., Stiavelli, M., & Whitmore, B.C. 1998, ApJ, 508,
L133
Moffat, A.F.J. 1969, A&A, 3, 455
Moore, B., Katz, N., Lake, G., Dressler, A., & Oemler, A. 1996, Nature, 379, 613
Moore, B., Lake, G., Quinn, T., & Stadel, J. 1999, MNRAS, 304, 465
Peterson, C.J. 1986, PASP, 98, 192
Pryor, C., & Meylan, G. 1993, ASP Conf. Ser. 50: Structure and Dynamics of Globular
Clusters, ed. S.G. Djorgovski & G. Meylan (San Francisco: ASP), 357
Puzia, T.H., Kissler-Patig, M., Thomas, D., Maraston, C., Saglia, R.P., Bender, R., Richtler,
T., Goudfrooij, P., & Hempel, M. 2004, A&A, 415, 123
Rejkuba, M., Greggio, L., Harris, W.E., Harris, G.L.H., & Peng, E.W. 2005, ApJ, 631, 262
Schlegel, D.J., Finkbeiner, D.P., & Davis, M. 1998, ApJ, 500, 525
Sersic, J.L. 1968, Atlas de Galaxias Australes, (Cordoba, Argentina: Observatorio Astro-
nomico)
Sirianni, M., Jee, M.J., Ben´itez, N., Blakeslee, J.P., Martel, A.R., Meurer, G., Clampin, M.,
De Marchi, G., Ford, H.C., Gilliland, R., Hartig, G.F., Illingworth, G.D., Mack, J.,
& McCann, W.J. 2005, PASP, 117, 1049
Sohn, Y.-J., Byun, Y.-I., Yim, H.-S., Rhee, M.-H., & Chun, M.-S. 1998, JASS, 15, 1
Sommer-Larsen, J., Romeo, A.D., & Portinari, L. 2005, MNRAS, 357, 478
Stetson, P.B., Davis, L.E., & Crabtree, D.R. 1990, ASP Conf. Ser. 8: CCDs in Astronomy,
ed. G.H. Jacoby (San Francisco: ASP), 289
Strader, J., Brodie, J.P., Forbes, D.A., Beasley, M.A., & Huchra, J.P. 2003, AJ, 125, 1291
– 17 –
van Leeuwen, F., Hughes, J.D., & Piotto, G. 2002, ASP Conf. Ser. 265: Omega Centauri, A
Unique Window into Astrophysics, 265, (San Francisco: ASP)
West, M.J., Coˆte´, P., Ferguson, H.C., Gregg, M.D., Jorda´n, A., Marzke, R.O., Tanvir, N.R.,
& von Hippel, T. 2003, in Highlights of Astronomy 13, ed. O. Engvold (San Francisco:
ASP), in press
West, M.J., Coˆte´, P., Jones, C., Forman, W., & Marzke, R.O. 1995, ApJ, 453, L77
Whitmore, B.C., Sparks, W.B., Lucas, R.A., Macchetto, F.D., & Biretta, J.A. 1995, ApJ,
454, L73
Williams, B.F., Ciardullo, R., Durrell, P.R., Feldmeier, J.J., Vinciguerra, M., Jacoby, G.H.,
Sigurdsson, S., von Hippel, T., Ferguson, H.C., Tanvir, N.R., Arnaboldi, M., Gerhard,
O., Aguerri, J.A.L., & Freeman, K.C. 2006, submitted to ApJ
Yoon, S.-J., Yi, S.K., & Lee, Y.-W. 2006, Science, 311, 1129
This preprint was prepared with the AAS LATEX macros v5.2.
– 18 –
Table 1. Measured parameters for IGC candidates
Property IGC-1 IGC-2 IGC-3 IGC-4
α(2000) 12:28:04.78 12:28:04.19 12:28:04.20 12:28:08.71
δ(2000) 12:33:35.1 12:33:06.5 12:32:27.2 12:34:25.7
F606W (Vega System) 22.86± 0.01 22.07± 0.01 24.59± 0.02 23.65± 0.01
F814W (Vega System) 21.92± 0.01 21.14± 0.01 23.79± 0.02 22.83± 0.01
F606W−F814W 0.94 0.93 0.80 0.82
V (transformed) 23.11 22.32 24.79 23.86
V − I (transformed) 1.20 1.19 1.01 1.04
V − I (dereddened) 1.16 1.14 0.97 1.00
Ellipticity (b/a)a 0.95±0.04 0.88±0.04 0.89±0.04 0.93±0.04
Estimated Luminosity (105L⊙) 2.0 4.1 0.4 1.0
Estimated Mass (105M⊙) 3.1 6.5 0.7 1.6
Half-light radius (1′′ = 80 pc) 0.′′025± 0.′′007 0.′′043± 0.′′005 0.′′12: 0.′′10± 0.′′01
King Profile Core Radius 0.′′002± 0.′′001 0.′′005± 0.′′001 0.′′031± 0.′′012 0.′′037± 0.′′005
King Profile Tidal Radius 1.′′4± 0.′′2 1.′′5± 0.′′1 1.′′7: 1.′′0± 0.′′2
King Profile χ2/ν 25.6/17 26.3/18 0.96/10 2.47/15
R1/4 Profile χ2/ν 26.8/18 35.9/19 3.22/11 38.5/16
Exp. Profile χ2/ν 226/18 676/19 13.5/11 71.9/16
aEllipticities were measured with the PyRAF task imexamine. Errors were calculated as 1−(b/a)
for isolated stars in the image.
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Fig. 1.— Color images of our four IGC candidates produced by combining our F606W and
F814W exposures. Each image is 6′′× 6′′ on a side, with north up and east to the left. Note
the number of point sources surrounding each candidate; these are likely to be red giant
stars in the outer regions of the clusters. Also note the well-resolved background galaxies,
for example, south of IGC-2 and east of IGC-3 and IGC-4. These objects are much more
extended than the stars or IGC candidates.
Fig. 2.— The azimuthally averaged radial surface brightness profiles of our 4 IGC candi-
dates in the F814W filter. The dark solid curves show the best-fitting King (1962) profiles
convolved with a Moffat (1969) approximation of the ACS point spread function. The un-
convolved King profile is illustrated by the light dotted line in each panel. Fitting statistics
and parameters are given in Table 1. Note the excellent quality of the fits; profiles based on
de Vaucouleurs (1959) or exponential laws are not nearly as good.
Fig. 3.— The color-magnitude diagrams of the point sources projected within 1.′′3 of each
IGC candidate. Overplotted are theoretical 12.5 Gyr isochrones for stellar populations with
Z = 0.008 ([M/H] = −0.4; red), Z = 0.004 ([M/H] = −0.7; cyan), Z = 0.001 ([M/H] = −1.3;
blue), and Z = 0.0001 ([M/H] = −2.3 (purple). On average, only ∼ 0.67 stars in each figure
should be a chance superposition. Note that all four systems are metal-poor: IGC-4, the
most metal-rich of the group has [M/H] ∼ −1.3.
Fig. 4.— The F606W−F814W colors of our globular cluster candidates computed in a series
of circular annuli. Note the color gradients associated with IGC-1 and IGC-2; roughly one-
third of Galactic clusters have such gradients. This partially explains why these metal-poor
systems have integrated colors that are slightly redder than the mean for M87 globulars.
Fig. 5.— The core radii and tidal radii of our IGC candidates (plotted as large red points),
excluding IGC-3 (whose tidal radius is unconstrained). For comparison, the parameters
of Galactic globular clusters are plotted in black points. Solid black points are clusters
brighter than MV = −6.5, which is the magnitude limit of our observations. The open
circles represent fainter clusters. The sizes of the black points are proportional to their
Galactocentric distance (from 0.6 to 120 kpc). Note that the intergalactic globulars have
systematically larger tidal radii than their Galactic counterparts, and that many of the
Galactic objects with large tidal radii are at large Galactocentric distance. This is consistent
with the idea that our IGC candidates have evolved in a largely stress-free environment.
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